We have investigated the electrochemical oxidation of a number natural phenolics (salicylic acid, m-hydroxybenzoic acid, p-hydroxybenzoic acid, protocatechuic acid, o-coumaric acid, m-coumaric acid, p-coumaric acid, caffeic acid, quercetin and rutin) using cyclic voltammetry. The antioxidant properties of these compounds were also studied. A structural analysis of the tested phenolics suggests that multiple OH substitution and conjugation are important determinants of the free radical scavenging activity and electrochemical behavior. Compounds with low oxidation potentials (Epa lower than 0.45) showed antioxidant activity, whereas compounds with high Epa values (>0.45) act as prooxidants.
Introduction
Phenolic compounds are a complex group of substances that have attracted considerable attention due to their roles in providing flavor and color characteristics of food and in human health [1] [2] [3] . Many of the benefits associated with consumption of phenolic-rich foods are associated with their antioxidant activities [4, 5] . It is reported that phenolics may prevent lipid peroxidation via hydrogen atom donation from the hydroxyl group(s) attached to the benzene ring [5] . However, the connection between the structure of phenolics and their antioxidant activity are still being actively investigated.
Measurements of the reducing capacity and electrochemical behavior of phenolic compounds may provide useful information about the free radical scavenging activity of natural occurring phenols. The purpose of this study was to undertake such an investigation and to compare the redox potentials with data obtained from lipid peroxidation assays.
Results and Discussion
The main characteristic of all phenols is that they contain one or more hydroxyl groups attached to benzene ring. Structurally phenols may be divided into two mayor classes: phenolic acids (essentially hydroxybenzoic and hydroxycinnamic acid) and flavonoids. We have analyzed a range of different phenolics, whose structures are shown in Figure 1 . Cyclic voltammograms of all three monohydroxybenzoic acid isomers ( Figure 2 ) present only one well defined anodic peak and no reverse peak is observed. As can be seen in insert A of Figure 2 , the anodic peak current increased in proportion to the square root of scan rate, pointing to a diffusion controlled response. The absence of a cathodic peak in the reverse scan indicates an oxidation process that was followed by a chemical reaction which rapidly removed generated product. Slight changes of current function i p /v 1/2 with increase scan rate also point out to an EC mechanism [6] . Although it is generally believed that the initial stage in oxidation of phenols leads to formation of a phenoxonium ion ( Figure 3 ) there are reports that the principal product also may be a phenoxy radical [7, 8] . These products may undergo further chemical reactions such as coupling, proton loss or nucleophilic attack [7] [8] [9] . Though a number of possible phenoxonium ion intermediates may be formed, the structure in which a positive charge is on a carbon atom that already suffers an electron deficiency due to the electron-withdrawing effect of a COOH group is unlikely. Therefore, p-and o-hydroxybenzoic acids are wave shifted toward positive potentials, compared to the corresponding meta isomer, which has no positive charge on the carbon atom attached to the COOH group. Hence, the meta isomer is the most easy to oxidize of all three derivatives. In the case of o-hydroxybenzoic acid steric effects may also contribute to the shift of potential.
Introduction of a second hydroxyl group in the benzene ring lead to considerable reduction of Epa values (Table 1) . Cyclic voltammogram of protocatechuic acid show single anodic and cathodic peaks but the difference between anodic and cathodic peak potential value indicates an irreversible electrode process ( Figure 4 ). The peak current ratio I pc /I pa increases until reaches a fixed value and current function I pa /v 1/2 gradually decrease with increasing scan rate. Such a behavior is adopted as indicative of ECE mechanism [10] . It was observed that oxidation of phenolic compounds with the hydroxy group in the ortho position leads to the formation of quinone and to a lowering of the electrochemical potential [11, 12] . Introduction of a methoxy group instead of a hydroxyl in the position meta to the COOH shifts the Epa toward more positive value ( Table 1 ). The peak potential was lower than the electrochemical potentials of monohydroxybenzoic acids, probably due to conjugative electron donation of the OCH 3 group and stabilization of the intermediate cation. The cyclic voltammogram of vanillic acid ( Figure 5 ) shows only one anodic peak and no reverse cathodic peak. From the linear increase of the anodic peak current with the square root of the scan rate it is evident that the oxidation process was diffusion controlled. The current function changes only slightly with increasing scan rate suggesting an EC mechanism [6] .
Similar results are noted in the voltammogram of syringic acid, except in this case introduction of another methoxy group lead to a reduction of the Epa value in comparison to that of vanillic acid ( Figure 6 ). Cinnamic acid derivates also undergo an irreversible oxidation ( Figure 7 ). However, comparison of the anodic peak potential value reveals that in these case para isomer is most easily to oxidize due to hiperconjugation to the aromatic ring of CH=CHCOOH group. Linear plots of peak current I pa as function of v 1/2 point out that oxidation processes are diffusion controlled. The current function was slightly changed with scan rate indicating EC mechanism [6] . The anodic oxidation of caffeic acid show irreversible anodic and cathodic waves ( Figure 8 ). The ratio of the cathodic to anodic peak heights increases gradually until it reaches a fixed value and the current function I pa /v 1/2 declines with the scan rate, suggesting an ECE mechanism [10] . From Table 1 it is evident that introduction of a hydroxyl group in p-coumaric acid leads to a significant reduction in the Epa value. It is generally accepted that oxidation of caffeic acid leads to o-quinones via semiquinone forms [9, 11] . Hotta et al. [9] have studied the electrochemical oxidation mechanism of caffeic acid. According to them, digital simulation analysis showed that the EqCiEqCi mechanism best fitted the experimental results. They indicated that a semiquinone radical and quinone may undergo a further dimerization, although the oxidation processes are not fully understood.
The cyclic voltammograms of quercetin and rutin are shown in Figures 9 and 10 . Quercetin at a scan rate of 100 mV s -1 presented three oxidation peaks: the first at 0.10V, a second one at ca. 0.47V
and a third at ca. 0.85V. On the negative scan a reduction peak appeared at about 0.08V. On the other hand, the voltammogram of rutin shows only two oxidation peaks at 0.23V and ca. 0.95V and one reduction peak at about 0.21V. These results are in agreement with relevant literature [13, 14] . Both quercetin and rutin show electrochemical behavior which point out to the diffusion controlled electrode process involving chemical reaction subsequent to the electron transfer. Although the oxidation pathways of flavonols, and quercetin in particular, were extensively investigated, the electrochemical processes are not completely understood. The first voltammetric peak is unequivocally attributed to the oxidation of the 3',4'-dihydroxy substituent on the B-ring. On the other hand, the explanation for the second and third is not so uniform, but most investigators agree that the peaks at 0.47V and 0.85V (0.95V in the case of rutin) correspond to the oxidation of the C-3 hydroxyl group and to the resorcinol moiety, respectively [13] [14] [15] [16] . Those conclusions were supported by the lack of second peak in the rutin voltammogram since rutin has the C-3 hydroxyl group conjugated to a rutinose. The ability of phenolic compounds to promote or inhibit oxidative damage in lipids was assessed using linolenic acid as a model system. Peroxidation was initiated by addition of FeSO 4 -ascorbic acid mixture. It is well known that transition metals like iron or copper may generate highly reactive hydroxyl or alkoxyl radicals (Fenton reaction) [17] which can be detected by their ability to degrade the linolenic acid and to form malonaldehyde. The aldehyde produced this way reacts with thiobarbituric acid and generates a pink chromogen. The results of the antioxidative assay are shown in Table 1 .
Phenols can act as antioxidants by radical scavenging, in which they break the free radical chain reaction through hydrogen atom donation [5] . The resulting phenoxy radical can be reduced to its parent compound by enzymatic or nonenzymatic reactions [18] . Another possible antioxidant mechanism is via metal chelation and restriction of the accessibility of the metal ion for participation in Fenton-type reactions [19] .
However, phenolic can exert prooxidant effects by autoxidation, in which the initial step leads to semiquinone and superoxide (O 2
.-
) radical formation [20] . These radicals are very reactive and may damage major macromolecules such as proteins or DNA [18] . Moreover, both radicals will accelerate autoxidation, generating H 2 O 2 in the process [18, 20] . It was reported that presence of transition metals or H 2 O 2 can reduce the antioxidant capacity of phenolics [18] [19] [20] [21] [22] . The increase in prooxidative activity of phenolics in the presence of Fe(III) or Cu(II) was primarily associated with their ability to reduce metal ion. Subsequently Fe(III) and Cu(II) can be reoxidized in Fenton-type reactions leading to the production of .
OH and other reactive oxygen species. Also, the antioxidant/prooxidant activity of phenolics were determined by many factors like the concentration and nature of transition metal ion(s) present, the concentration of phenolics and pH [23, 24] .
It is evident that of the twelve investigated compounds only four show antioxidant activity under the experimental condition used, whereas the others were prooxidants. All monosubstituted phenols exhibited similar prooxidation activity. The only exception was p-coumaric acid which surprisingly strong promoted lipid degradation. It has been previously observed that monohydroxylated compounds have a very poor radical scavenging activity [25, 26] . Fukumoto et al. [27] found that many compounds, including benzoic and cinnamic acid derivatives, can behave like prooxidants depending on their concentration. There are also reports that exogenous treatment of plants with salicylic acid enhanced lipid peroxidation and oxidative damage to proteins [28] . However, caffeic and protocatechuic acids act as antioxidants. It has been observed that presence of two hydroxyl groups in ortho position increase antioxidant activity due to additional resonance stabilization and o-quinone formation [25, 26, 29] . Nevertheless, the methylation of the 3-hydroxyl group in protocatechuic acid to form vanillic acid caused a significant reduction of the radical scavenging capacity. Introduction of another methoxy group in the 5-position to form syringic acid slightly decreased the prooxidant activity.
Although both quercetin and rutin inhibited malonaldehyde formation, the antioxidant response of the rutin was weak. Bors et al. [30] proposed three structural features of flavonoids that determine their radical scavenging capabilities: the 3'4'dihydroxy substitution in the B ring, which provides good electron delocalization and stabilization of the phenoxy radical and coexistence of the 2,3-double bond in conjugation with the 4-keto group and the 3-hydroxy group on the C ring, which increases the delocalization of electron across the flavonoid nucleus. Quercetin, which satisfies all these requirements, has high antioxidant activity. However, glycosylation of the 3-hydroxyl group to form rutin resulted in the loss of scavenging capabilities.
Cyclic voltammetry has been applied to characterize the reducing ability of natural phenolics [13, 31, 32] and good correlations have been observed between redox potentials and antioxidant properties [33, 34] . It is found that compounds with strong scavenging capabilities are oxidized at relatively low potentials [12, 34] . However, the most powerful reducing agents are phenolics with low reducing potential and they can, by autoxidation, exert prooxidant activity [35] . Thus, the balance between antioxidative and prooxidative effects is very delicate.
The phenolic compounds that we examined here show a connection between Epa and the ability to inhibit or promote lipid peroxidation. Of all studied substances, only quercetin showed high radical scavenging activity and consequently its anodic potential was low. The phenolics that have oxidation potentials between 0.2V and 0.45V are less active, but still inhibit lipid peroxidation. The third group contains compounds that have anodic potentials higher than 0.45V. The phenols in this group promoted lipid peroxidation. Using flow-through column electrolysis Yang et al. [31] reported that glycosylation of the 3-hydroxyl group of quercetin lead to an increased oxidation potential and decrease of antioxidant activity. A similar relationship was observed by Firuzi et al. [34] ], using CV for oxidation potential measurement and ferric reducing antioxidant power for evaluation of the antioxidant activity. The increase in antioxidant activity and decrease of Epa with an increased number on hydroxyl groups on the aromatic ring was also observed. Sousa et al. [12] found that caffeic acid had a lower Epa value and higher free radical scavenging activity than p-coumaric acid and that methoxylation of the phenolic groups increased the Epa value and reduced antioxidant activity. However, it was observed that many polyphenols like flavonoids and caffeic acid, have ability to reduce transition metal ion and consequently to act as prooxidants [18, 21, 25, 36] . Thus, the relatively low antioxidant activity of phenols in the second group, especially rutin, may be partially due to the lowering effect of autooxidation in the presence of Fe(III) ion. The compounds such as p-coumaric acid with lower Epa than the rest of the monosubstituted acids, yet strong prooxidation activity, suggest that properties beside oxidation potential must be considered when antioxidation and prooxidation activity are evaluated.
Conclusions
From these studies, it was concluded that cyclic voltammetry can be used to characterize the reducing ability and electrochemical behavior of phenolic antioxidants. The measured oxidation potential was closely related to the structures of the investigated compounds. The phenolic structure also influences antioxidant activity. The compounds with two or more electron donating groups have lower anodic peak potentials and higher antioxidant abilities then monosubstituted phenols, although OH groups have stronger effects then OCH 3 ones. Generally there is relationship between antioxidative and prooxidative activities and oxidation potentials. All compounds with low anodic potential (<0.45V) inhibit lipid peroxidation, whereas compound with high Epa (>0.45V) act as prooxidants.
Experimental

General
Salicylic acid, m-hydroxybenzoic acid, p-hydroxybenzoic acid, protocatechuic acid, vanillic acid, syringic acid, o-coumaric acid, m-coumaric acid, p-coumaric acid, caffeic acid, quercetin and rutin were purchased from Sigma-Aldrich.
Cyclic Voltammetry
Voltammetric measurements were performed on a Metrohm VA 797 Computrace potentiostat. The working electrode was glassy carbon, a platinum wire was used as counter electrode and Ag/AgCl was employed as the reference. Prior to each electrochemical measurement the working electrode was cleaned by polishing with alumina powder on polishing cloth. The standard solution were prepared by dissolving the phenolics to the concentration of 1 mM in solvent containing 5 % (v/v) ethanol and phosphate buffer (pH 7.0) with 0.1M KNO 3 as supporting electrolyte. Quercetin and rutin were dissolved in methanol-phosphate buffer (pH 7.0) with 0.1 M KNO 3 (1:1, v/v) due to their low solubility in water. The solution was purged with nitrogen for 2 min. The cyclic voltammograms were recorded at a scan rates of 25 mVs -1 , 50 mVs -1 , 100 mVs -1 , 200 mVs -1 , 300 mVs -1 , 400 mVs -1 and 500 mVs -1 .
Lipid peroxidation
The antioxidant activity was measured according to the slightly modified method of Matkowski et al. [37] . The reaction mixture (1.25 mL) containing tested compound (5 µmol), phosphate buffer (pH 7.0, 300 µL), 4mM FeSO 4 (100 µL) and 5 mM ascorbic acid (100 µL) were incubated for 60 min at 37 ºC. the reaction was terminated by adding 10% ice cold trichloroacetic acid (2 mL) followed by addition of 1% thiobarbituric acid (1 mL). The reaction mixture was heated in the water bath at 95 ºC for another 60 min. After centrifugation at 3000 g for 15 min, absorbance was read at 532 nm and percentage of peroxidation inhibition was calculated according to Choi et al. [38] .
